Purpose: To comparatively evaluate the performance of three intraoral image receptors of different technology when exposed to different X-ray beam spectra, dose and dose rate levels using a stepwedge phantom. Materials and methods: The intraoral radiographic receptors evaluated were: the Kodak Insight F speed class film, the Kodak RVG 6000, and the Duerr Vistascan Combi PSP system. A dental quality control phantom made of Plexiglas, containing an aluminium stepwedge with 12 steps and 7 holes drilled in each step was radiographed using a dental X-ray unit offering a wide range of tube potential, tube current and exposure time settings. The visibility of the holes in the images produced with each one of the three receptors was assessed by three independent observers. For each image the total image quality score (TS) was derived from the summation of the number of visible holes in each step. The numbers of perceptible holes in each experimental condition (TSs) were statistically analyzed through use of analysis of variance. Intraobserver and interobserver agreement was also measured. Results: Vistascan exhibited the most extended useful exposure range, followed by RVG 6000 and Insight. The performance of all receptors tested was greatly dependent on the exposure parameters and mainly on the kV settings. Overall, the RVG 6000 offered the best image quality at doses somewhere in between those required by the Insight and the Vistascan.
INTRODUCTION
According to the UNSCEAR 2000 Report, dental intraoral radiography is among the most frequently performed radiological procedures [1] . Although the patient exposure associated with dental radiography is relatively low, intraoral radiography should be optimised in order to keep the radiation risk "as low as reasonably achievable", something that is widely known as the ALARA principle [2] .
Over the past 20 years both the X-ray units and the X-ray receptors used in dental radiology have been evolved. Modern dental X-ray units incorporate high frequency generators, operate at higher tube potentials and produce X-ray spectra that have higher mean energy and therefore are more penetrating compared to those produced by older dental X-ray units. These improvements have contributed in the reduction of the radiation dose to the entrance skin surface of the patient and the enhancement of image quality [3, 4] Concerning the X-ray receptors, new digital systems have been introduced in to the clinical practice and nowadays digital radiography is considered an accepted imaging technique in dentistry. Currently, solid-state detectors based on CCD or CMOS technology, photostimulable storage phosphor (PSP) systems, along with the old-fashioned but still widely used silver halide based films, are commercially available for intraoral radiography.
In the international literature many articles can be found describing digital detector systems and presenting comparisons among various systems with regard to their diagnostic performance [5] [6] [7] [8] [9] . The characteristics of the x-ray beam, especially the x-ray beam energy, can also contribute to image quality. Earlier studies have found that the x-ray beam energy can affect image contrast [10] [11] [12] and the signal-to-noise ratio [13] . For those studies various x-ray energies were used maintaining the same exposure. Most of the equipment for intraoral radiography provides limited adjustments for tube currents and x-ray energy values. On most machines, only the exposure time is usually set based on experience and according tooth type.
The purpose of this study was to comparatively evaluate, in a systematic inter-equipment manner, the performance of three different intraoral image receptors when exposed to different X-ray beam spectra, dose and dose rate levels in detecting subtle radiographic density differences using an aluminium stepwedge phantom.
MATERIALS AND METHODS

Image Acquisition
The intraoral radiographic receptors evaluated in this study were: the Kodak Insight F speed class film (Eastman Kodak Company, Rochester, NY) the Kodak RVG 6000 (Eastman Kodak Company, Rochester, NY) and the Duerr Vistascan Combi PSP system (Duerr Dental, Bietingsheim-Bissingen, Germany). The first receptor is a conventional silver halide film that requires chemical processing, the second is a digital solid state receptor based in CMOS technology that offers a direct display of the digital image within seconds after the end of the exposure and the third is a photostimulable storage phosphor (PSP) imaging plate which produces a digital image after it has been scanned using a dedicated laser scanner system. The main technical characteristics of the systems tested are summarized in Table 1 .
A modern dental X-ray unit (Prostyle Intra DC, Plan-meca Oy, Helsinki, Finland) was used, offering eight tube potential settings (ranging from 50 to 70 kVp), seven tube current settings (ranging from 2-8 mA) and 26 exposure time settings (ranging from 0.01 to 3.2 sec). The nominal total filtration was 2 mm Al and the focus to collimator end distance was 30 cm.
A calibrated ion chamber dosimeter (Dosimeter 9010, ionization chamber type 90x6-6; Radcal Corporation Monrovia, USA) positioned at 30 cm from the tube focus was used to measure the dose in free air and determine the tube output at that distance. These measurements were carried out for all the available tube potential, tube current and exposure time selections, in order to identify possible variations in output with different tube loading values. The tube potential accuracy and reproducibility were checked using a calibrated kilovolt peak meter (Gammex RMI 245, 802108-1272, calibrated 31.01.2007, Gammex Inc., Middleton, USA).
Image quality was assessed using a quality control phantom especially designed for dental radiography (standard phantom for dental radiography, version 2.0), shown in Figure 1 . This phantom (henceforth referred to as stepwedge phantom), is a Plexiglas parallelepiped with a 30 mm by 40 mm base and 23 mm height, containing a 12 step aluminium stepwedge which increases in height from 1 to 12 mm, in 1 mm steps. In each step, 7 holes of 0.5 mm diameter have been drilled in depths varying from 0.05 mm to 0.35 mm, in 0.05 mm increments. The stepwedge phantom has been described and validated by Yoshiura et al. [14, 15] The stepwedge phantom was attached to the collimator end and the focus to receptor distance was kept constant at 35 cm.
The stepwedge phantom was radiographed using for each receptor all possible tube potential, tube current and exposure time selections combinations. The specific X-ray unit used offered 182 mAs selections at each one o f the 8 different tube potential settings, that is, 1456 different exposure factor settings. The evaluation of image quality was performed in two stages. In the first stage the images for which all the 12 steps of the stepwedge were visible were identified. The images satisfying this criterion were included in the sample of images that were further evaluated and will be henceforth referred to as'diagnosable images' (see Figure 2) . The images that were not satisfying this criterion were rejected and will be referred to as 'non-diagnosable images'. The tube current-exposure time combinations that produced diagnosable images determined the useful exposure range of each receptor at each tube potential setting. Concerning the exposures made with the Insight films, all films were processed immediately after exposure, using an automatic processor (Velopex Extra-X, Medivance Instuments, England) using the Readymatic dental developer and Readymatic dental fixer solutions (Eastman Kodak, Rochester NY) at a temperature of 27℃. This processor features an automatic replenishment sys- tem, however, in order to ensure that the processing conditions remained fairly constant during the experiments, the processing stability was repeatedly tested every 50 films using sensitometry (Pehamed densitometer Densinorm 21, PEHA med. Geräte GmbH-Sulzbach, Germany). The acquired film radiographs were mounted in opaque plastic holders and coded for later use. The film radiographs were evaluated on a viewing box, with all extraneous light masked. The observers were allowed to use magnifying glasses (at multiple × 2 magnification).
Concerning the RVG 6000 receptor, the original software of the system was used for image capture. No image processing was performed to enhance image quality other than the system's default pre-process. Finally, concerning the Vistascan, the image plates were unpacked in a dimly lit room and read out immediately after exposure, using the Vistascan Combi system. [16, 17] The scanner's resolution pitch settings were adjusted to 12.5 μm (corresponding to a theoretical resolution of 40 line pairs per mm).
Image Evaluation
Three certified dentists, postgraduate students in the department of Oral Diagnosis and Radiology of the Dental School of the University of Athens, served as observers. They have over 5 years of experience interpreting analog and digital images. Before the actual image quality evaluation session, the observers were first trained in order to get familiar with the radiographic images of the phantom and the rating process. During the image quality evaluation sessions, the observers had to state the number of holes that they could perceive at each step with 100% confidence level. The observers rated the images independently (to account for inter-observer variability), one image at a time and in a random order, and dictated the ratings orally. Each image was evaluated twice by each observer to account for intra-observer variability. Due to the large number of images, several sessions were required for each observer to evaluate all images. For this reason, at the beginning of each session and before the actual evaluation, each observer was asked to observe 10 test control images and rate them in order to get familiar with the images again, before proceeding to the actual evaluation session. For each image the average value of the number of visible holes perceived by the three observers in each step was calculated and the summation of these averages in all 12 steps was accounted as the total image quality score (TS) of that image.
All digital images were viewed in fit to screen mode on a 19-inch TFT monitor (Sony SDMHS95PR), with 1280 × 1024 resolution under subdued lighting conditions. The monitor's brightness and contrast were adjusted using the SMPTE (Society of Motion Picture and Television Engineers) test pattern [18, 19] .
Statistical Analysis
The numbers of perceptible holes in each experimental condition (TSs) were statistically analyzed through use of analysis of variance. Repeated measures ANOVA were calculated for validity in relation to kV selection, mA selection, exposure time and entrance surface air kerma. Post hoc analysis was carried out using Tukey's test. P values less than 0.05 were considered to be statistically significant. Intraobserver agreement was measured by Cohen's Kappa and interobserver agreement was measured by Fleiss kappa coefficient.
RESULTS
The output measurements revealed that the linearity of output was within accepted limits at all tube potentials, even though for small tube loadings (0.5 mAs) a reduction in output of up to 20% was observed with respect to the mean value of output over the whole mAs range. The reproducibility of output using the same exposure conditions was better than 1%. The tube potential accuracy and reproducibility were better than 3% and 1%, respectively.
For all the images acquired, the receptor type, the exposure parameters (kV, mA, s) were noted and the respective entrance surface air kerma (ESAK) values were then assigned. The number of diagnosable images was in total 1230; 275 with Insight, 339 with RVG 6000 and 616 with Vistascan. From these values and Figure 3 , where the useful exposure range of each receptor is shown, it is obvious that the VistaScan exhibited the most extended useful exposure range for all tube potential settings. The useful exposure range of RVG 6000 was smaller compared to Vistascan but clearly larger compared to that of the Inshight. It must be stressed however, that the useful exposure ranges shown in Figure 3 are strictly valid only for the specific phantom and geometric conditions used.
The useful exposure range of each receptor was determined taking into account only the diagnosable images, that is, those images where all 12 steps were visible. However, within the sample of diagnosable images great variations in the TS values were observed, which are graphically represented in Figure 4 . In this figure, the lower bars extend from the minimum TS value observed up to the 1 st quartile value, the white boxes from the 1 st quartile value to the median value, the black boxes from the median to the 3 rd quartile value and the upper bars from the 3 rd quartile value to the maximum TS value observed at the specific tube potential setting. The black and white boxes represent the 50% of the observed TS values at each tube potential setting. This figure clearly indicates that image quality was strongly depended on the exposure factors used, not only for the Insight, but for the digital receptors also. Even if the exposure latitude of digital receptors is extended via software manipulations of the recorded signals, still image quality cannot be maintained constant within the useful exposure range.
While Figure 4 is indicative of the large variations in image quality with exposure factor settings, it is not so useful for straightforward comparisons among receptors, where the main interest is which receptor performs best and at which tube potential setting and ESAK levels. To facilitate comparisons among the receptors in terms of the image quality offered and the respective radiation dose required, the TS values of the best image obtained with each receptor at each one of the tube potential settings used and the respective exposure factors and ESAK values required to obtain these images are given in Table  2 . It can be seen that with the exception of 70 kV where the largest TS value has been obtained with the Vistascan, for all the other tube potential settings, the largest TS value was obtained with the RVG 6000 and it was close to or larger than 60. The doses required were roughly double compared to the respective doses required to obtain the maximum TS with the Insight. The largest doses to obtain the maximum TS were observed for the Vistascan and ranged from 3.2 to 4.8 mGy. It can be seen that for the Insight the largest TS was obtained at 60 kV and at the same tube potential the largest TS overall was obtained with the RVG 6000. For the Vis- Table 2 . The total score (TS), the tube loading (mAs) and the respective ESAK (in mGy) of the image with the largest TS are given. tascan the largest TS value was observed at 66 kV. Within each receptor the statistical significance of the tube potential settings in regard to the overall performance is presented in Table 3 . In this table it can be seen that for the Insight film and the Vistascan system the TS was greatly varying with the tube potential selection. This dependence of TS with tube potential selection can be also appreciated from Figure 4 , when looking at the median and the maximum TS values obtained at each tube potential. The Insight showed an increased performance at 60 kV, Vistascan at 66 kV whereas the RVG 6000 could perform equally well at almost all tube potentials except 52 and 70 kV. It must be noted finally, that no straightforward correlation was observed between TS and ESAK in any of the receptors compared, not even for the Vistascan where the image quality was up to a point increasing with increasing dose.
An interesting observation was made during the analysis of the results, concerning the dependence of TS on the tube current selection, which for a given tube potential selection is what determines the incident dose rate to the receptor. For the RVG 6000 it was observed that for a given kV selection, the same mAs that produced a diagnosable image when a low mA selection was used produced a non-diagnosable image when a high mA selection was used. Table 2 is rather suggestive of this behaviour since for all tube potential settings above 52 kV the image with the largest TS was obtained with either the 3 or the 2 mA selection. Furthermore, the statistical analysis also verified the dependence of the RVG 6000 performance on the mA selection, as the TS values obtained with the 2 mA selection differed statistically significant (p < 0.05) from the other selections available.
Unlike the RVG 6000, for the Insight and the Vistascan not any dependence of their performance on dose rate was documented.
The dependence of image quality on tube potential, tube current and ESAK can be better appreciated from Figure 5 . In this figure the distribution of images with TS of at least 90% of the largest TS value observed for each receptor within the whole useful exposure range is given with respect to the tube current settings and ESAK at the various tube potential settings used. The threshold of 90% was chosen in order to sort out the images with the best quality overall. For the Insight almost all except one best quality images were obtained at 60 kV, with medium to high mA settings and with ESAK values ranging from 0.52 to 1.36 mGy. For the RVG 6000 the best quality images were obtained over a wide range of tube potentials (50-66 kV) and with ESAK values ranging from 0.55 to 2.82 mGy. However, it is characteristic that 8 out of the 10 images were obtained using either the 2 or the 3 mA tube current selections. For the Vistascan, the best quality images were all obtained at 66 kV (using the 3 largest mA selections) and at 70 kV with all mA selections, with the ESAK values ranging from 0.96 to 4.2 mGy.
Finally, in Figure 6 the variation of the average number of visible holes in each one of the 12 steps is given, considering only the images with the highest TS at each one of the tube current selection available, for all the tube potential settings used. For the images obtained with Vistascan the maximum number of visible holes was observed in the first step and then the number of visible holes gradually reduced when moving to the thicker Aluminium steps, similarly with the images acquired with the Insight, with the only exception that in the Insight images the maximum number of visible holes was most often observed in the second step rather than in the first. In the images acquired with the RVG 6000 the visibility of the holes was severely reduced in the first two steps, reached a maximum in steps 5 and 6 and then gradually reduced again. Evidently, the visibility of holes in the thicker steps is poorer in the images acquired with the Insight and the Vistascan than in the images acquired with the RVG 6000 system. Due to the subjective nature of the image quality evaluation procedure, in order to accept the validity of the above results it was necessary to also validate statistically the reliability of the observers' evaluations. A high level of agreement between the first and the second evaluation and consequently high intra-observer reliability scores (kappa value) were obtained, as can be seen in Table 4 . Concerning the inter-observer variability, kappa values of 0.92, 0.88 and 0.96 were observed respectively for the Insight, Kodak RVG 6000 and Vistascan, indiating a very good inter-observer agreement. c 
DISCUSSION
All comparisons presented above are based on the stepwedge phantom and therefore their validity relies on the assumption that this phantom is appropriate for simulating adequately clinical conditions. Yoshiura et al. [14, 15] who evaluated this phantom, concluded that the X-ray attenuation range produced with this phantom is similar to that produced in clinical practice. Furthermore, they concluded that image quality could be quantitatively evaluated by means of the number of visible holes, since their detection is equivalent with the detection of small lesions in an actual clinical situation. Although this phantom does not represent all diagnostic tasks encountered in actual clinical situations, it is by all means sufficient for the relative comparison of performance among different systems.
No image enhancement was carried out in this study. The software provided by the manufactures displayed postprocessed images immediately after acquisition. Several studies on the effects of image quality and observer performance have been published. Further image processing could improve the quality of the displayed images according to some studies [20, 21] whereas according to other does not make any significant difference [22, 23] . The effect of image processing varies per system but its impact on image quality was outside the scope of the current study.
Concerning the Vistascan, the extended useful exposure range observed in this study is in agreement with what is already known from the applications of the PSP technology receptors in general and dental radiology [24] [25] [26] [27] [28] . Furthermore, the high ESAK values required to produce images with the largest TS are in agreement with the study of Berkhout et al. [24] who demonstrated that PSP systems produce the best quality images at doses up to ten times the minimum dose that produces a diagnosable image. However, this characteristic of Vistascan can lead to the systematic use of higher doses than those actually needed for diagnosis, something that from the aspect of radiation protection is considered disadvantageous and in the general radiology applications it has been reported as 'the exposure factor creep' [29] .
In this study, the dependence of the performance on the tube potential setting was observed mainly for the Inshight and the Vistascan. Likewise, Svenson et al. [30] demonstrated the differences in diagnostic accuracy for different tube potential settings for two films differing in speed. Concerning the Insight, Kaeppler et al. [31] also concluded that the Insight film achieved the best results at 60 kV.
In the present study it was seen that in the overall rating, the Kodak RVG6000 performed better in the detection of holes compared to the other two receptors tested. This result is in agreement with the results of other researchers who also demonstrated the superiority of RVG6000 receptor [33] .
It is well known that the majority of the dental X-ray units currently in use worldwide offer a single tube potential and tube current selection. Since specific receptors perform better at certain tube potential and tube current settings, it is important for the potential buyer to take this into account when a new receptor or dental X-ray unit is to be combined with existing equipment or when both a new receptor and a new dental X-ray unit are to be bought. Although, an image of adequate diagnostic quality can be achieved by all receptors tested in many tube potential and tube current settings, the best image quality was obtained with the least radiation exposure only when specific exposure parameters were used. For example, even the Vistascan which exhibited the most extended useful exposure range at all tube potential settings from 50 to 70 kV, performed better at 66 and at 70 kV. Therefore, Vistascan should be combined with a dental X-ray unit operating at 70 kV rather with one operating at 60 kV. Unlike to Vistascan, RVG 6000 and Inshight should be combined preferably with an X-ray unit operating at 60 kV.
The ALARA statement endorses the principle that (individual) doses should be as low as reasonably achievable. In this context European guidelines [30] recommended the establishment of diagnostic reference levels (DRLs). The European guidelines [30] recommended a DRL of 4 mGy absorbed dose in air measured at the end of the spacer cone for a standard maxillary molar projection. In this study it was shown that for the specific phantom used, images of good diagnostic quality could be obtained with all receptors tested using just a fraction of the proposed DRL (see Figure 5) .
Similar surveys conducted in dental radiographic facilities [34] [35] [36] over the last 10 years have demonstrated a trend for reduction of the entrance surface dose, with the use of faster films and digital receptors, as well as with modern x-ray units and rectangular collimation. Compared with the previous guidelines, the 2007 ICRP [37] recommendations for estimating risk associated with exposure to radiation, increased the emphasis given on the structures located in the oral region, particularly the salivary glands. According to the revised recommendations for calculating effective dose, dental radiography involves 32% to 422% more risk than that previously thought [38] . Therefore, efforts should be made to reduce dose as much as possible but not at expense of image quality and diagnostic accuracy. In this context it is important to determine for each receptor the exposure factors settings which can produce a good quality image with the least radiation dose possible. For this reason it would be ideal if receptor manufacturers could determine, using a phantom like the one used in this study, the optimal exposure factor settings and the respective TS and ESAK values for each receptor that becomes commercially available and include this information in their technical data sheets. In this way the potential users would be able to determine if a given receptor is well suited for the dental X-ray unit that may already have or they intend to buy and furthermore they would be able to compare receptors using performance indices that relate to the clinical practice and therefore are easy to comprehend.
The main results of this study in terms of the relative performance of the three receptors studied can be summarized as follows: Vistascan exhibited the most extended useful exposure range, followed by RVG 6000 and Insight. RVG 6000 exhibited the largest TS values in all tube potential settings except 70 kV where the Vistascan performed better. Insight performed better than Vistascan only at 60 and 63 kV. Vistascan exhibited its largest TS values at 66 and 70 kV, Insight at 60 and 66 kV, whereas RVG exhibited large TS values at all tube potential settings, except than at 52 and 70 kV. For the Insight the largest TS values were obtained with the smallest ESAK values whereas with the Vistascan the largest TS were obtained with ESAK values that where the largest observed. RVG 6000 was the only system that exhibited a dependence on the dose rate since most of the large TS values were obtained at low mA selections.
